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BACKGROUND: Miscellaneous cardiovascular risk factors have been defined, but the contribution of environmental pollutants exposure on cardiovas-
cular disease (CVD) remains underappreciated.
OBJECTIVE:We investigated the potential impact of typical environmental pollutant exposure on atherogenesis and its underlying mechanisms.

METHODS: We used human umbilical vein endothelial cells (HUVECs) and apolipoprotein E knockout (ApoE−=− ) mice to investigate how 2,3,5-tri-
chloro-6-phenyl-[1,4]-benzoquinone (PCB29-pQ, a toxic polychlorinated biphenyl metabolite) affects atherogenesis and identified early biomarkers of
CVD associated with PCB29-pQ exposures. Then, we used long noncoding RNAs (lncRNAs) HDAC7-AS1–overexpressing ApoE−=− mice and apoli-
poprotein E/caveolin 1 double-knockout (ApoE−=−=CAV1−=− ) mice to address the role of these early biomarkers in PCB29-pQ–induced atherogene-
sis. Plasma samples from patients with coronary heart disease (CHD) were also used to confirm our findings.

RESULTS: Our data indicate that lncRNA HDAC7-AS1 bound to MIR-7-5p via argonaute 2 in PCB29-pQ–challenged HUVECs. Our mRNA sequenc-
ing assay identified transforming growth factor-b2 (TGF-b2) as a possible target gene of MIR-7-5p; HDAC7-AS1 sponged MIR-7-5p and inhibited the
binding of TGF-b2 to MIR-7-5p. The effect of PCB29-pQ–induced endothelial injury, vascular inflammation, development of plaques, and atherogen-
esis in ApoE−=− mice was greater with MIR-7-5p–mediated TGF-b2 inhibition, whereas HDAC7-AS1–overexpressing ApoE−=− mice and
ApoE−=−=CAV1−=− mice showed the opposite effect. Consistently, plasma levels of HDAC7-AS1 and MIR-7-5p were found to be significantly associ-
ated individuals diagnosed with CHD.
DISCUSSIONS: These findings demonstrated that a mechanism-based, integrated-omics approach enabled the identification of potentially clinically rele-
vant diagnostic indicators and therapeutic targets of CHD mediated by environmental contaminants using in vitro and in vivo models of HUVECs and
ApoE−=− and ApoE−=−=CAV1−=− mice. https://doi.org/10.1289/EHP9833

Introduction
Polychlorinated biphenyls (PCBs) are typical environmental pol-
lutants that have been widely used in industry in the last century.
Approximately 1.5 to 2:5million tons of PCBs remain in the
environment globally (Liu et al. 2020), even after the strict prohi-
bition of their production for industrial and consumer applica-
tions. PCBs are resistant to environmental degradation, which
leads to their accumulation in the ecosystem. Moreover, lower
chlorinated PCBs are still produced inadvertently and can be
found in, for example, paint pigments (Anezaki and Nakano
2014; Hu and Hornbuckle 2010). PCBs can easily accumulate in
the adipose tissue of the human body and metabolize into
hydroxylated metabolites under the action of cytochrome P450
enzymes (Liu et al. 2020). In turn, with the aid of oxidative
enzymes, hydroxylated PCBs further turn into their oxidized
form, PCB quinones (Amaro et al. 1996). Our previous studies
indicated that a PCB quinone metabolite (PCB29-pQ) has great

potential to generate downstream reactive oxygen species (ROS),
in particular, the hydroxyl radical, which is implicated its toxicity
(Song et al. 2008, 2009).

Current epidemiological evidence shows that exposure to
PCBs can increase the risk of hypertension (Peters et al. 2014;
Yorita Christensen and White 2011), diabetes (Airaksinen et al.
2011; Codru et al. 2007), obesity (Ben Hassine et al. 2014; Donat-
Vargas et al. 2014), and dyslipidemia (Ben Hassine et al. 2014;
Donat-Vargas et al. 2014; Goncharov et al. 2008; Lee et al. 2011);
all these factors are clinically relevant to the occurrence and devel-
opment of cardiovascular diseases (CVDs). Furthermore, in a
population-based cohort study, the dose of PCBs in serumwas pos-
itively correlatedwith the risk of CVD (Raffetti et al. 2018).

CVDs are the leading cause of death worldwide and are respon-
sible for nearly 30% of the global burden of deaths (Joseph et al.
2017). Risk factors, such as obesity (VanGaal et al. 2006), diabetes
(Zinman et al. 2015), hypertension (Fernández-Ruiz 2019), ele-
vated blood cholesterol (Huynh 2020), smoking (Le Bras 2018),
gender, and age (Emerging Risk Factors Collaboration et al. 2010),
have been directly linked to the pathogenesis of CVD. However,
the contribution of environmental pollutant exposure to CVD is
still underappreciated (Cosselman et al. 2015; Olden 2004).
Epidemiological investigations have established an association
between environmental pollution and increased risk of CVD
(Yusuf et al. 2020); however, the pollutant-driven etiology of CVD
remains poorly characterized, in part because suitable approaches
are missing to mechanistically link specific environmental expo-
sures to clinically useful early biomarkers of CVD.

Few biomarkers are currently available to predict future coro-
nary rupture; therefore, it is difficult to identify individuals with
subclinical CVD (Blaha et al. 2016; Schulte et al. 2020). Omics-
related techniques provide an unbiased approach and, therefore,
have the potential to improve the early and specific diagnosis and

*These authors contributed equally to this work.
Address correspondence to Yang Song, 18 Shuangqing Rd., Haidian District,

Beijing, 100085, China. Email: yangsong@rcees.ac.cn; or Rongchong Huang,
95 Yong’an Rd., Xicheng District, Beijing, 100053, China. Email: rchuang@
ccmu.edu.cn
Supplemental Material is available online (https://doi.org/10.1289/EHP9833).
The authors declare that they have no competing interests.
Received 16 June 2021; Revised 28 February 2022; Accepted 7 March

2022; Published 29 March 2022.
Note to readers with disabilities: EHP strives to ensure that all journal

content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehpsubmissions@niehs.nih.gov. Our
staff will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives 037011-1 130(3) March 2022

A Section 508–conformant HTML version of this article
is available at https://doi.org/10.1289/EHP9833.Research

https://orcid.org/0000-0002-7567-9260
https://orcid.org/0000-0001-9163-927X
https://orcid.org/0000-0002-2607-2112
https://orcid.org/0000-0001-7716-9216
https://doi.org/10.1289/EHP9833
https://orcid.org/0000-0002-7567-9260
https://orcid.org/0000-0001-9163-927X
https://orcid.org/0000-0002-2607-2112
https://orcid.org/0000-0001-7716-9216
mailto:yangsong@rcees.ac.cn
mailto:rchuang@ccmu.edu.cn
mailto:rchuang@ccmu.edu.cn
https://doi.org/10.1289/EHP9833
http://ehp.niehs.nih.gov/accessibility/
mailto:ehpsubmissions@niehs.nih.gov
https://doi.org/10.1289/EHP9833


prognosis of CVD. Noncoding RNAs (ncRNAs) are important in
the physiology and pathology of CVD (Zhang et al. 2019). Many
ncRNAs, for example, long noncoding RNAs (lncRNAs), are
dysregulated in atherogenesis (Lorenzen and Thum 2016; Uchida
and Dimmeler 2015). Similarly, growing evidence indicates that
the functions of microRNAs (miRNAs) in vascular endothelial
cells include modulating endothelial repair (Khalyfa et al. 2016),
promoting cell proliferation (Chen and Gorski 2008) or apoptosis
(Fish et al. 2008), and regulating inflammatory responses (Zhang
et al. 2019). An important regulatory pattern of lncRNAs is to act
as competing endogenous RNAs (ceRNAs), which can regulate
gene expression by competitively binding miRNA (Salmena et al.
2011; Thomson and Dinger 2016). The interplay of lncRNAs and
miRNA has attracted significant attention in CVD pathophysiol-
ogy (Ballantyne et al. 2016). ncRNAs profile changes driven by
PCBs have been reported (Chen et al. 2020; Shan et al. 2020;
Wahlang et al. 2016); nevertheless, detailed molecular mecha-
nisms of action of ncRNAs in PCB-mediated CVD remain to be
investigated.

CVDs are multistage diseases and include initiation, progression/
regression, and complications. Current knowledge indicates
caveolin-1 (CAV1, a major structural protein of caveolae,
which function in signaling and transport and regulating vascu-
lar reactivity) is involved in the action of CVDs. CAV1 binds
with multiple proteins through its binding domain, and there is
evidence for a role for CAV1 in atherosclerosis (Frank et al.
2009; Sowa 2012). Compared with ApoE knockout (ApoE−=− )
mice, CAV1 deficiency has resulted in a sharp reduction in pla-
que size in ApoE/CAV1 double-knockout (ApoE−=−=CAV1−=− )
mice (Frank et al. 2004), alleviated aggregation of low-density
lipoprotein (LDL) into the arterial wall, promoted the produc-
tion of nitric oxide, and alleviated the expression of leukocyte
adhesion molecules, such as intercellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and
E-selectin (Sowa 2012).

In the present in vitro and in vivo study, human umbilical
vein endothelial cells (HUVECs) and ApoE−=− and ApoE−=−=
CAV1−=− mice were chosen to identify early biomarkers that
are associate with PCB29-pQ exposure. In addition, these can-
didate ncRNAs and genes were confirmed in clinical samples
from individuals diagnosed with coronary heart disease (CHD).

Methods

Reagents
Antibodies used in this study are listed in Table S1. The cell count-
ing kit-8 (CCK-8) was purchased from Selleck Chemicals. 40,6-
Diamidino-2-phenylindole dihydrochloride (DAPI), protein
(A+G) agarose beads, and 3,3 0-diaminobenzidine tetrahydro-
chloride (DAB) were purchased from Beyotime Institute of
Biotechnology. The Oil Red O solution and hematoxylin-eosin
(HE) staining kit were purchased from Merck Life Science Co.
Ltd. Vitamin C (VC), Vitamin E (VE), N-acetyl-L-cysteine
(NAC), and radio immunoprecipitation assay (RIPA) lysis buffer
were purchased from Dingguo Biotechnology Co., Ltd.MIR-7-5p
mimics, MIR-7-5p inhibitor, TGF-b2 small interfering RNA
(siRNA), protein phosphatase methylesterase 1 (PPME1) siRNA,
and HDAC7-AS1 siRNA were synthesized by Shanghai Gene
Pharma Co., Ltd. 20,70-Dichlorodihydrofluorescein diacetate
(DCFH-DA) was purchased from Sigma-Aldrich Inc. Pyrrolidine
dithiocarbamate ammonium (PDTC) was purchased from
Beyotime Biotechnology Co., Ltd. PEGlated superoxide dismu-
tase (PEG-SOD), PEGlated catalase (PEG-CAT), and glutathione
monoethyl ester (GSH-MEE) were purchased from Sigma-
Aldrich.

Cell Culture and Treatment
HUVECs and human monocytic cells (THP-1 cells) were pur-
chased from KeyGEN Biotech Co., Ltd. HUVECs and THP-1
cells were grown in Roswell Park Memorial Institute 1640 me-
dium supplemented with 10% fetal bovine serum (Zhejiang
Tianhang Biotechnology Co., Ltd.), 100 U=mL penicillin, and
100 lg=mL streptomycin at 37°C in a 5% CO2 incubator. In
addition, the medium for THP-1 cells was supplemented with
50 lM b-mercaptoethanol. HUVECs (1× 106) were seeded in
six-well culture plates overnight and exposed to 5 lM PCB29-
pQ for 24 h for subsequent experimental testing. HUVECs were
pretreated with antioxidants (40 lM VC, 20 lM VE, 5mM
NAC, 200 U=mL PEG-SOD, 500 U=mL PEG-CAT, or 5mM
GSH-MEE) for 1 h, followed with 5 lM PCB29-pQ exposure for
6 h for subsequent experimental testing. Parallel control cultures
received equal volumes of dimethyl sulfoxide (DMSO). Each
experiment was independently repeated at least three times.

miRNA, lncRNA, and mRNA Sequence Analysis
Six sets of HUVEC samples, comprising three biological replicates
of PCB29-pQ and an equal volume of DMSO (control), were sub-
jected to RNA sequence (RNA-seq) analysis. Total RNA was
extracted by TRNzol universal reagent (Tiangen Biotech), ribo-
somal RNA was eliminated, and ncRNAs and mRNAs were
retained via Illumina Ribo-Zero Gold (Human; Illumina). Enriched
ncRNAs and mRNAs were fragmented into short fragments using
fragmentation buffer (NEB E7490L; New England Biolabs) and
reverse transcribed into complementary DNA (cDNA) with
random primers, DNA polymerase I, ribonuclease H (RNase H)
and deoxyribose nucleotide triphosphate (dNTP; New England
Biolabs). In addition, cDNA fragments were purified using a
QiaQuick polymerase chain reaction (PCR) extraction kit. cDNA
library construction was performed by Genedenovo Biotechnology
Co., Ltd. using DNA polymerase I, RNase H, dNTP, and buffer;
cDNA fragments were connected to the Illumina sequencing
adapter; and then polyadenylic acid was introduced. Uracil-N-gly-
cosylase (UNG) was used to digest second-strand cDNA. Agarose
gel (1.5%) electrophoresis was used for fragment size selection and
PCR amplification. The PCR program (98°C 30 s; 98°C 10 s, 65°C
75 s, 12 cycles; 65°C 5 min; 4°C 1) and reagents (25 lL
NEBNext Q5 Hot Start HiFi PCR Master Mix, 2:5 lL of 10 lM
Universal PCR Primer and 2:5 lL of 10 lM Index (X) Primer)
were performed by Genedenovo Biotechnology Co., Ltd. Finally,
the library was sequenced using Illumina HiSeqTM 4000 by Gene
Denovo Biotechnology Co., Ltd.

Identification of Differentially Expressed lncRNA, miRNA,
and mRNA
The R package edgeR (version 3.3) (Gentleman et al. 2004; Oshlack
et al. 2010; Robinson et al. 2010) (http://www.bioconductor.org/
packages/release/bioc/html/edgeR.html) was used to identify differ-
entially expressed transcripts across the samples or groups. We
defined mRNA and miRNA with a fold difference of ≥2 and
p<0:05 and lncRNA with a fold difference of ≥2 and a false dis-
covery rate (FDR) <0:05 for comparison as significant differentially
expressed genes (DEGs).

miRNA Target Prediction
miRNA target gene prediction, RNAhybrid (version 2.1.2)
(Krüger and Rehmsmeier 2006; Rehmsmeier et al. 2004) (https://
bibiserv.cebitec.uni-bielefeld.de/rnahybrid), miRanda (version
3.3a) (Enright et al. 2003; John et al. 2004, 2006) (http://
cbio.mskcc.org/microrna_data/miRanda-aug2010.tar.gz), and
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TargetScan (version 7.0) (Agarwal et al. 2015; Chiang et al.
2010; Friedman et al. 2009), (http://www.targetscan.org/vert_
71/), and the intersection of results from the three software was
selected as the array of predicted target genes of miRNA. Only
miRNA target genes that were identified by all three methods
were selected.

Gene Ontology Analysis
Gene Ontology (GO) enrichment compares an input data set (in
this case, all significantly enriched DEGs) to the genome back-
ground and categorizes the DEGs that correspond to biological
function. All DEGs that mapped to GO terms in the GO data-
base were analyzed using the online tool Gene Ontology
(Ashburner et al. 2000; Gene Ontology Consortium 2021)
(http://www.geneontology.org). The R package clusterProfiler
(version 3.6.0) (Yu et al. 2012) (https://guangchuangyu.github.
io/software/clusterProfiler/) was used for GO enrichment analy-
sis. The number of DEGs associated with each unique GO term
was calculated. We then applied a hypergeometric test included
in R package clusterProfiler (version 3.6.0) to find GO entries
for which DEGs were significantly enriched compared with the
entire human reference genome genomes. The GO terms with a
p<0:05 were considered significant.

Kyoto Encyclopedia of Genes and Genomes Analysis
Pathway-based analysis helps to further understand genes’ biologi-
cal functions. The Kyoto Encyclopedia of Genes and Genomes
(KEGG; release 94) (Kanehisa and Goto 2000; Kanehisa 2019;
Kanehisa et al. 2021) (http://www.kegg.jp/kegg/kegg1.html) is the
major public pathway-related database. Pathway enrichment anal-
ysis identified significantly enriched metabolic pathways or signal
transduction pathways in DEGs, comparing with the whole ge-
nome background following exposure of HUVECs to PCB29-pQ.

Construction of ceRNA Network
The ceRNA network was constructed based on the ceRNA theory
as follows. a) Expression correlations between mRNA and miRNA
or lncRNA and miRNA were evaluated using the Spearman’s rank
correlation coefficient (SCC). Pairs with SCC<− 0:7 were selected
as the negatively coexpressed lncRNA–miRNA or mRNA–miRNA
pairs. b) The correlations between lncRNA and mRNA expression
were evaluated using the Pearson’s correlation coefficient
(PCC). Pairs with PCC>0:9 were selected as coexpressed
lncRNA–mRNA pairs. c) The hypergeometric cumulative dis-
tribution function test was used to identify common miRNA
sponges of the target genes. Only gene pairs with a p<0:05
were selected for further study. For ceRNA prediction, mireap
(version 2.0; http://sourceforge.net/projects/mireap/), miRanda
(version 3.3a), and TargetScan (version 7.0) were used, and the
intersection of the three methods was assumed as the ceRNA
prediction result.

The relationship between ENST00000080059 (HDAC7)
and ENST00000599515 (HDAC7-AS1) was predicted using
RNAplex (version 2.5.0) (Lorenz et al. 2011, 2016; Tafer and
Hofacker 2008) (http://www.tbi.univie.ac.at/RNA/RNAplex.1.
html).

Animals and PCB29-pQ Exposure
Mice pairs deficient in ApoE or CAV1 (C57BL/6J genetic back-
ground) were obtained from Jackson Laboratory. ApoE−=−=
CAV1+=+ mice were crossed with ApoE+=+=CAV1−=− mice to gen-
erate ApoE+=−=CAV1+=− mice. ApoE+=−=CAV1+=− mice were
mated to generate ApoE−=−=CAV1+=− and ApoE+=−=CAV1−=−

mice on the C57BL/6J background, then ApoE−=−=CAV1+=− or
ApoE+=−=CAV1−=− mice were mated to generate ApoE−=−=
CAV1−=− mice. All ApoE−=−=CAV1−=− mice and ApoE−=− mice
used in the experiments were littermates. Genotyping was per-
formed by PCR (KF960-C; Hangzhou Jingle Scientific Co., Ltd.),
and the primer was produced by Sangon Biotech (Shanghai) Co.,
Ltd. The primers are shown Table S2, and the PCR program is
shown in Table S3.

HDAC7-AS1–overexpressing vector (pEZ-M61-HDAC7-AS1)
and control vector (pEZ-M61-NC) were constructed by
GeneCopoeia Co. Ltd. For more stable HDAC7-AS1 overexpres-
sion in vivo, the adeno-associated virus (AAV) vectors were
packaged into AAV-HDAC7-AS1 virus particles. AAV vector
and virus particles were provided by GeneCopoeia Co. Ltd. The
prepared AAV-HDAC7-AS1 virus particles were stored at
−80�C. ApoE−=− mice were intravenously (i.v.) injected with
AAV-HDAC7-AS1 (4 × 1010 particles/mouse) via the tail vein 1
wk prior to PCB29-pQ exposure, following the published proce-
dure (Chen et al. 2017; Kahles et al. 2018; Roche-Molina et al.
2015).

Male mice (∼ 8 wk of age, 6–8 in each group) were housed
under standard environmental conditions (12 h light/dark cycle,
22°C), in accordance with the protocols approved by the Dalian
Medical University Institutional Animal Care and Use Committee
(AEE17059). The mice had a 1-wk acclimation, during which time
they received standard chow containing 4% fat (Jiangsu Xietong
Pharmaceutical Bio-Engineering Co., Ltd.) and tap water ad libi-
tum. Then, the mice were fed a high-fat diet [68% basic forage, 1%
cholesterol, 15% lard, 10% egg yolk powder, 6% milk powder
(Jiangsu Xietong Pharmaceutical Bio-Engineering Co., Ltd.)]. The
mice were injected with 5 mg=kg body weight of PCB29-pQ or
equal volumes of corn oil intraperitoneally (i.p.) (Arsenescu et al.
2008, 2011) injection once a week for 12 continuous wk, with the
first two injections during the first week (3 d apart). After the end of
PCB29-pQ exposure, the body weight of each group was recorded
and the mice were euthanized by cervical dislocation 7 d after the
last exposure. Blood was collected via the enucleation of the eye-
ball and transferred into tubes containing sodium citrate (3.8%
final) as the anticoagulant; subsequently, the plasma was separated
by centrifugation, 800× g, 10 min at 4°C temperature, and stored
at −80�C until further use. Then, the mice in each group were ran-
domly divided into two subgroups with an equal number of ani-
mals. The fresh aortas of the first subgroup of the mice were snap
frozen in liquid nitrogen and stored at −80�C for real-time quanti-
tative PCR (RT-qPCR) or Western blotting assays. The fresh aor-
tas of the second subgroup of the mice were fixed with 4%
paraformaldehyde and embedded for gross Oil Red O or HE
staining.

Protein Extraction and Western Blotting
Cells or snap-frozen aorta of ApoE−=− or ApoE−=−=CAV1−=−

mice were collected, washed with phosphate-buffered saline
(PBS), and lysed with RIPA lysis buffer. Cellular lysates were cen-
trifuged at 10,000× g at 4°C for 10 min. The supernatant was col-
lected, and protein concentrations were determined with a
bicinchoninic acid assay kit (Dingguo Biotechnology Co., Ltd.).
Proteins (30 lg) were separated using 12.5% sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE) with 40%
acrylamide (Genview), Tris-HCl (pH 6.8 or 8.8) (Genview), 10%
SDS (Genview), 10% ammonium persulfate (Macklin), and
N,N,N0,N0-tetramethyl-ethylenediamine (Macklin). Subsequently,
proteins were transferred onto nitrocellulose membranes (Cat. No.
40795444; Pall). The membranes were blockedwith 5% bovine se-
rum albumin (BSA) at 37°C for 2 h and then incubated with appro-
priate primary antibodies at 4°C overnight. After rinsing three
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times with Tris-buffered saline containing Tween-20 (TBST), the
membranes were incubated with a secondary antibody at room
temperature for 2 h. The membranes were visualized using a
BeyoECL Star (Beyotime Biotechnology). Subsequently, Western
blots were imaged using the Tanon 5200 system and quantified by
ImageJ software (Schneider et al. 2012).

RT-qPCR
Cells or aorta of ApoE−=− or ApoE−=−=CAV1−=− mice were col-
lected. Total RNA was isolated using TRNzol universal reagent,
according to the protocol recommended by the manufacturer
(Tiangen Biotech). For mRNA, the purified RNA was reverse
transcribed into cDNA using a Hifair II first-strand cDNA syn-
thesis SuperMix for RT-qPCR (gDNA digester plus) kit (Yeasen
Biotech Co., Ltd.). Quantitative analysis of mRNA expression
was performed using 2× SYBR Green qPCR master mix
(Bimake) in an RT-qPCR machine (LightCycler96; Roche). The
relative mRNA expression was normalized to the b-actin levels.
For miRNAs, total RNA was reverse transcribed into cDNA
using a miRcute Plus miRNA First-Strand cDNA Synthesis Kit
(Tiangen Biotech). Quantitative analysis of miRNA expression
was performed via RT-qPCR using a miRcute Plus miRNA
qPCR detection kit and primers specific for MIR-7-5p, MIR-9-5p,
and MIR-24-3p. The relative miRNA expressions were normal-
ized to the U6 levels. The housekeeping gene U6 primer
(Cat. No. MPM00002) was purchased from Applied Biological
Materials. Inc. The primer sequences for lncRNAs and mRNAs
are shown in Tables S4 and S5. The RT-qPCR program is shown
in Table S6. The mRNA levels were determined following the
DD threshold cycle (Ct) protocol.

Cell Transfection
50 nM MIR-7-5p mimics (Cat. No. B01001), 100 nM MIR-7-5p
inhibitor (Cat. No. B03001), 25 nM TGF-b2 siRNA (Cat. No.
A01001), 25 nM PPME1 siRNA (Cat. No. A01001), and 25 nM
HDAC7-AS1 siRNA (Cat. No. A01001) were introduced into
30–50% confluent HUVECs using siRNA-mate transfection rea-
gent (Shanghai Gene Pharma Co., Ltd.) according to the manufac-
turer’s protocol. siRNAs, mimic, and inhibitor target sequences
are shown in Table S7. After transfection for 24 h, cells were
exposed to 5 lM PCB29-pQ for 24 h for subsequent experimental
testing.

Ninety to 95% confluent HUVECs were transfected with 2:5 lg
pEZ-M61-HDAC7-AS1 or pEZ-M61-NC (GeneCopoeia Co. Ltd.)
using EndoFectin Max transfection reagent (GeneCopoeia Co.
Ltd.), according to the manufacturer’s protocol. After transfection
for 24 h, cells were exposed to 5 lM PCB29-pQ for 24 h for subse-
quent experimental testing. Transfection was performed independ-
ently for three times as biological replicates.

Dual-Luciferase Reporter Assay
HUVECs were plated onto 12-well plates 24 h before transfection.
At 90% confluence, cells were co-transfected with 600 ng of
pEZX-MT05 reporter vector containing negative control–
30untranslated region (NC-30 UTR), wild-type (WT), or mutated
(MUT) 30UTR of TGF-b2 [or protein phosphatase methylesterase
1 (PPME1)] inserted downstream of Gaussia luciferase (Gluc)/
secreted alkaline phosphatase (SEAP) genes produced by
GeneCopoeia Co. Ltd. and 50 nM of NC mimic or 50 nM MIR-7-
5p mimic using siRNA-mate transfection reagent (Shanghai Gene
Pharma Co. Ltd.). After transfection for 48 h, Gluc and SEAP
activities were measured by a Secrete-Pair dual luminescence kit,
according to the manufacturer’s protocol (GeneCopoeia Co. Ltd.).

The Gluc emits flash bioluminescence that was measured at 480 nm
using amicroplate reader (SpectraMax iD3;MolecularDevices).

Biotin-Labeled miRNA Pull-Down Assay
Thirty to 50% confluent HUVECs (4 × 105 cells) in six-well
plates transfected with 50 nM biotinylated negative control (Bio-
NC) or biotinylated MIR-7-5p (Bio-MIR-7-5p) using siRNA-
mate transfection reagent (Shanghai Gene Pharma Co., Ltd.),
according to the manufacturer’s protocol. Bio-NC and Bio-MIR-
7-5p were synthesized by Sangon Biotech (Shanghai) Co., Ltd.
After 48 h of transfection, cells were lysed in 200 lL RIPA lysis
buffer (Beijing Dingguo Changsheng Biotechnology Co., LTD.).
Cell lysates were incubated with 500 lL M-280 streptavidin
magnetic beads (Invitrogen) at 4°C overnight. To prevent non-
specific binding of RNA and protein complexes, the beads were
coated with 5% RNase-free BSA and yeast transfer RNA (Sigma-
Aldrich) at 4°C for 3 h, and washed with ice-cold lysis buffer
(500 lL) three times and a high-salt buffer [500 lL, containing
0.1% SDS, 1% Triton X-100, 2mM ethylenediaminetetraacetic
acid, 20mM Tris-HCl (pH 8.0), and 500mM sodium chloride]
once before use. The bound RNAs were purified using TRNzol
universal reagent for further analysis.

RNA-Binding Protein Immunoprecipitation Assays
RNA-binding protein immunoprecipitation (RIP) assays were per-
formed with aMagna RIP RNA-binding protein immunoprecipita-
tion kit, according to the manufacturer’s instruction (Millipore).
HUVECs (1 × 107 cells) were seeded in 10-cm plates and held
overnight, then the cells were exposed to 5 lM PCB29-pQ for 24
h. Cells were lysed using 100 lL of complete RIP lysis buffer and
harvested. Magnetic beads were conjugated to the argonaute 2
(Ago2) antibody using the Magna RIP RNA-binding protein
immunoprecipitation kit, according to the manufacturer’s proto-
col (Cat. No. 17-700). The cell lysates were then incubated with
RIP buffer containing magnetic beads conjugated to Ago2 anti-
body (Proteintech Group, Inc.) at 4°C overnight. The removal of
unbounded antibody was performed by centrifugation and wash-
ing, according to the manufacturer’s protocol (Cat. No. 17-700).
The co-precipitated RNAs were isolated using TRNzol universal
reagent, and the following RNAs were detected by RT-qPCR
(HDAC7-AS1, RP3-416H24.1, LINC01547, TUG1, MCM3AP-
AS1, and FGD5-AS1).

Tube Formation Assay
Matrigel (BD Biosciences) was placed in 96-well plates
(100 lL=well) and allowed to gel at 37°C for 30 min. HUVECs
were exposed to 5 lM PCB29-pQ or an equal volume of DMSO
for 24 h, then the cells were trypsinized using 0.25% porcine pan-
creas trypsin (Dimond Shanghai) and plated on Matrigel at a den-
sity of 4 × 104 cells/well. After incubating at 37°C for 18 h, the
formation of tubes was observed by an optical microscope
(Olympus IX71). Tube formation was analyzed with ImageJ
software.

Cell Viability Assay
Cell viability was assessed using a CCK-8 assay (Bimake).
Briefly, HUVECs were seeded in 96-well plates at a density of
5 × 103 cells/well. After attachment, the cells were transfected
with corresponding MIR-7-5p mimics (50 nM), MIR-7-5p inhibi-
tor (100 nM), TGF-b2 siRNA (25 nM), PPME1 siRNA (25 nM),
HDAC7-AS1 siRNA (25 nM), or pEZ-M61-HDAC7-AS1 (2:5 lg)
for 24 h and exposed to PCB29-pQ (5 lM) or an equal volume of
DMSO for an additional 24 h. Cells were incubated with 10%
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CCK-8 solution (diluted in serum-free medium) at 37°C for 2 h.
The optical density (OD) was measured at 450 nm using a micro-
plate reader.

Apoptosis Analysis
HUVECs (1× 106 cells/well) were seeded in six-well culture
plates overnight. HUVECs were transfected with corresponding
MIR-7-5p mimics (50 nM), MIR-7-5p inhibitor (100 nM), TGF-b2
siRNA (25 nM), PPME1 siRNA (25 nM), HDAC7-AS1 siRNA
(25 nM), or pEZ-M61-HDAC7-AS1 (2:5 lg) for 24 h and exposed
to PCB29-pQ (5 lM) or an equal volume of DMSO for an addi-
tional 24 h. Cell apoptosis was tested by using an Annexin V-
fluorescein/propidium iodide (Annexin V-FITC/PI) apoptosis
detection kit (Yeasen Biotech Co., Ltd.). The cells were washed
twice with cold PBS, resuspended in binding buffer, and incu-
bated with Annexin V-FITC for 10 min and PI for 5 min at room
temperature. Fluorescence was determined using a flow cytome-
ter (BD FACSMelody), and the percentage of apoptotic cells was
calculated using BDCell Quest software (BDBiosciences).

Immunofluorescence Staining
HUVECs (1× 106 cells/well) were seeded in 35-mm confocal
dishes (Cat. No. J40101; NEST) overnight. HUVECs were trans-
fected with 25 nM CAV1 siRNA (Cat. No. A01001) for 24 h and
exposed to PCB29-pQ or an equal volume of DMSO for an addi-
tional 24 h. After PCB29-pQ exposure, HUVECs in the confocal
dish were washed with PBS and fixed in 4% paraformaldehyde for
30 min at room temperature. Then, cells were permeabilized with
Triton X-100 (1% in PBS) for 20min. After blockingwith 5%BSA
at 4°C for 1 h, the cells were incubated with a rabbit phospho-
nuclear factor-kappa B (phospho-NF-jB; p65) (pSer536) primary
antibody (Table S1) at 4°C overnight. Then, the cells were washed
with PBS three times, and the cells were incubated with a second-
ary Alexa Fluor 488-conjugated Affineur goat anti-rabbit IgG
(H+L) antibody (Table S1) for an additional 1 h at room tempera-
ture. After three washes with PBS, the cells were counterstained
withDAPI for 10min. Finally, the cellswere observed under a con-
focal laser scanning microscopy (Nikon N-SIM) with wavelengths
of 405 and 488 nm.

For immunofluorescence analysis of paraffin sections, animal
tissue sections at ∼ 3–4 lm thickness were permeabilized with
0.5% Triton X-100 at room temperature for 45 min and blocked
with 5% BSA for 1 h at room temperature. Then, paraffin sections
of the aortic root were incubated with endothelial cell marker
CD31, von Willebrand factor (vWF), TGF-b2, PPME1, ICAM-1,
or VCAM-1 antibodies (Table S1) at 4°C overnight. Then, the
sections were incubated with the corresponding secondary anti-
body for 2 h at room temperature. Finally, the sections were
stained with DAPI for 10 min and analyzed using a confocal laser
scanning microscopy (Nikon N-SIM) at wavelengths of 405, 488,
and 561 nm. Images (pixels: 1,024× 1,380) were analyzed with
ImageJ Coloc2 plug-in software to determine the PCC (auto-
mated thresholding, Point Spread Function 3, Costes’ randomiza-
tions 10), which uses the Costes’ significance test (Costes et al.
2004). Here, the colocalization rate was expressed using the PCC
as a statistical measure, revealing a linear correlation between the
two fluorescence intensities.

ROS Production Assay
ROS production in the cells were determined using DCFH-DA.
HUVECswere seeded in six-well plates at 2 × 105 cells/well for 24
h, then the cells were exposed to 5 lM PCB29-pQ for 6 h with or
without pretreatment with antioxidants VC (40 lM), VE (20 lM),
and NAC (5mM) for 1 h. Next, the cells were trypsinized and

loaded with 10 lM DCFH-DA diluted in serum-free Roswell
Park Memorial Institute 1640 medium at 37°C for 30 min. After
incubation, the cells were washed three times with PBS.
Fluorescence intensities were determined using a flow cytometer
(BD FACSMelody).

Monocyte Adhesion
HUVECs were seeded in six-well plates at 2 × 105 cells/well for
24 h, treated with 5 lM PCB29-pQ for 6 h, and washed with
PBS. 80–90% confluent THP-1 cells grown in six-well plates
were trypsinized and loaded with the fluorescent probe 5 lM
calcein-AM (Cat. No. 148504-34-1; Beijing Fanbo Biochemicals
Co., Ltd.) at 37°C for 30 min and then washed with PBS centrifu-
gation at 150× g for 10 min. A total of 1 × 106 Calcein-AM–
loaded THP-1 cells were added to the HUVECs in each well and
incubated for 3 h. Unbound monocytes were washed twice with
PBS, and attached fluorescent monocytes were counted under a
fluorescence microscope (Olympus IX71) at a wavelength of
488 nm.

Aortic Oil Red O Staining
Atherosclerotic lesions were measured by staining the entire aorta
with Oil Red O. The aortas were incubated in 4% paraformalde-
hyde overnight, dissecting scissors were used to cut the blood
vessel longitudinally along the vessel wall, and the aortas were
incubated with Oil Red O at 37°C for 1 h. Finally, the aortas
were decolorized with 75% ethanol until the normal tissue
became milky white and cleaned with distilled water. The plaque
formation was observed using a digital camera (Canon, Japan),
and the atherosclerotic lesion area was measured using ImageJ.

HE Staining and Immunohistochemistry
Paraffin sections of the aortic root were prepared at approxi-
mately 3–4 lm thickness. The aorta sections were washed with
PBS, incubated with hematoxylin for 5 min, and rinsed with
water. The sections were differentiated with 1% hydrochloric acid
for 30 s. After bluing up with water for 10 min, the sections were
stained with eosin for 10 s. Then, the sections were soaked once
in 85% ethanol, twice in 95% ethanol, twice in anhydrous ethanol,
and twice in xylene (5 min each time) to dehydrate the tissue.
The sections were dried and fixed with neutral balsam. The
images were acquired using a microscope (OLYMPUS IX71).

For the immunohistochemistry analysis of the paraffin sec-
tions, the animal tissue sections were permeabilized with 0.5%
Triton X-100 at room temperature for 45 min and blocked with
5% BSA for 1 h at room temperature. Then, paraffin sections of
the aortic root were incubated with monocyte/macrophage
marker CD68 antibodies (Table S1) at 4°C overnight. Then, the
sections were incubated with the corresponding secondary anti-
body for 2 h at room temperature. Finally, the sections were ana-
lyzed using a microscope (Olympus IX71).

Terminal Deoxynucleotidyl Transferase Deoxyuridine
Triphosphate Nick End Labeling Staining
Paraffin sections of the aortic root were immersed in PBS at room
temperature for 5 min and rinsed twice. Then, the sections were
treated with citric acid buffer for 5 min and rinsed twice with PBS.
Next, sections were incubated with 3% hydrogen peroxide in the
dark at room temperature for 10 min and rinsed twice with PBS.
Finally, each section was incubated with terminal deoxynucleoti-
dyl transferase deoxyuridine triphosphate nick end labeling
(TUNEL) reaction buffer (Servicebio) in the dark at 37°C for 1 h
and rinsed 3 times with PBS. The nuclei were stained with DAPI.
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The sections were analyzed using a confocal laser scanning mi-
croscopy (NikonN-SIM) at wavelengths of 405, 488, and 561 nm.

Fluorescence in Situ Hybridization
MIR-7-5p detection probe 50-UGG AAG ACU AGU GAU UUU
GUU GUA ACA AAA UCA CUA GUC UUC CAU U-30 was
designed and synthesized by Servicebio. HDAC7-AS1 detection
probe 50-TGA GCT CAG ACT GAA GGA TCT TAG TAA
GTG TGG AGA TGG GAC ACA AAC AAA GGT AGG CGA
AGC GGA A-30 was designed and synthesized by Shanghai
Gene Pharma Co., Ltd. Paraffin sections of aortic roots were
dehydrated in xylene. The sections were covered with hybridiza-
tion buffer (Cat. No. G3016-3; Servicebio) and placed on an elec-
tric heating plate for 5 min. Hybridization with the probes was
performed at 55°C for 16 h. Then, the sections were washed with
1× saline sodium citrate ðSSCÞ–0:1% SDS (Servicebio) twice at
room temperature and 0:2×SSC−0:1% SDS (Servicebio) twice
at 55°C. After 5% BSA blocking for 1 h, the sections were incu-
bated with a DIG-488 antibody (Servicebio) at room temperature
for 1 h. The sections were washed twice with PBS, and
5 mg=mL DAPI staining solution (Servicebio) was added
dropwise to the sections followed by incubation in the dark
for 10 min. Samples were washed with PBS, and antifluores-
cence quenching mounting tablets (Beyotime) were added
dropwise to mount the slides. The samples were visualized by
a confocal laser scanning microscopy (Nikon N-SIM) at
wavelengths of 405 and 561 nm.

Human Blood Samples
This prospective single-institution study was approved and vali-
dated by the ethics committee of Beijing Friendship Hospital,
Capital Medical University (2020-P2-165-01). The investigation
conformed to the principles outlined in the Declaration of Helsinki.
All participants gave their signed informed consent to the study.
We explored patients who underwent initial diagnostic coronary
angiography between September 2019 and January 2020 from
Beijing Friendship Hospital, Capital Medical University. CHD
was demonstrated by at least 70% stenosis in a major epicardial ar-
tery or 50% stenosis in the left main coronary artery, and control
participants claimed chest discomfort but had normal coronary
arteries on angiography. Individuals who had abnormal hemato-
poietic function, autoimmune diseases, malignancies, chronic or
acute infections, severe heart failure, or advanced liver or renal dis-
easeswere excluded. All participants underwent physical examina-
tion and laboratory assessment [including fasting blood glucose
(FBG), HbA1c; lipid profile, including total cholesterol (TC), tri-
glycerides, high- and LDL-cholesterol (HDL- and LDL-C); renal
function; and liver function, uric acid and high-sensitivity C-reac-
tive protein (hs-CRP)]. Their current medical history was also col-
lected. The clinical characteristics of study participants are shown
in Table S8.

Fasting blood samples (5 mL) were collected from 77 CHD
patients and 50 control participants on the morning of their first
visit. The level of hemolysis in the plasma samples was assessed
before RNA extraction, as previously suggested by Kirschner
et al. (2013). Plasma was separated from the blood by centrifuga-
tion at 800× g=4�C for 15 min to remove residual blood cells.
After centrifugation, plasma samples were transferred to RNase/
DNase-free tubes and stored at −80�C before RNA extraction.
Total RNA for RT-qPCR analysis was extracted by TRNzol uni-
versal reagent (Tiangen Biotech). Hemolysis was assessed as
described. Free hemoglobin absorbance was measured at 414 nm
using a multifunctional microplate reader. The procedure was
repeated three to five times, and the average OD was calculated.

No hemolysis occurred in these plasma samples and plasma sam-
ples with OD414 < 0:2.

Statistical Analysis
Data from at least three independent experiments are presented as
the mean± standard deviation (SD). Statistical analyses were per-
formed using GraphPad Prism (version 8.0; GraphPad Software)
and SPSS 21.0 statistical software (SPSS Inc.). The data were
compared using unpaired Student’s t-test or one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc analysis or
two-way ANOVA followed by Tukey’s or Sidak’s post hoc test.
In addition, categorical variables were shown as a number with
percentage and analyzed using the chi-square test. The SCC was
used to assess the correlation between two indicated factors.
Independent factors for predicting CHD were calculated by logis-
tic regression; variables—including gender, diabetes, current
smoker, LDL-cholesterol (LDL-C), FBG, albumin, hs-CRP, urea,
creatinine, interleukin 1 beta (IL-1b), interleukin 6 (IL-6), tumor
necrosis factor-alpha (TNFa), TGF-b2, PPME1, HDAC7-AS1,
and MIR-7-5p showing p<0:10 in univariate analysis—were
included in a multivariate model. A p<0:05 was considered stat-
istically significant.

Results

Differentially Expressed lncRNA and miRNA Identification
In an in vitro HUVECs model, cells treated with 5 lM PCB29-
pQ exhibited 23 differentially regulated lncRNAs and 38 differen-
tially expressed miRNAs compared with the control group (Figure
1A,B; the exact data are presented in Excel Tables S1 and S2).
The differentially expressed miRNAs were selected for GO and
KEGG pathways analysis. Thirty-four GO terms and 20 KEGG
pathways were identified (Figures S1 and S2; the exact data are
presented in Excel Tables S3 and S4). The lncRNA and
miRNA sequencing data were next validated using RT-qPCR.
HUVECs exposed to PCB29-pQ displayed lower expression levels
of lncRNAs ENST00000417835 (FGD5-AS1), ENST00000444998
(MCM3AP-AS1), ENST00000519077 (TUG1), ENST00000546686
(RP3-416H24.1), and ENST00000599515 (RP5-1057I20.4) com-
pared with the control group (Figure S3a). Among the detectable
differential expressions of miRNAs, MIR-7-5p showed the highest
expression level after exposure to PCB29-pQ (Figure S3b).
ENST00000397841 (LINC01547) showed no differences in expres-
sion between PCB29-pQ and control groups. The expression levels of
ENST00000411824 (SLCO4A1-AS1), ENST00000414676 (NRSN2-
AS1), ENST00000565916 (AC002550.5), and ENST00000626479
(SLFNL1-AS1) were higher in PCB29-pQ–treated cells, contrary to
the sequencing results. ENST00000599515 (RP5-1057I20.4) was the
most robust lowest expression lncRNA.

The RIP assay was conducted to determine whether these
down-regulated lncRNAs were associated with RNA-induced
silencing complex (RISC). Ago2 protein was confirmed to be sig-
nificantly enriched in the input group in control HUVECs (Figure
S3c). HDAC7-AS1 (located on the antisense strand of HDAC7;
Figure S4a) and LINC01547 lncRNAs were significantly enriched
in the anti-Ago2 immunoprecipitation samples relative to the IgG
control (Figure 1C). siRNA and an overexpression vector were
then used to knock-down and overexpress HDAC7-AS1 in
HUVECs, respectively (Figure S4b,c). After treatment of the cells
with 5 lM PCB29-pQ for 24 h, however, mRNA expression of
HDAC7, which located on the antisense strand of lncRNA
HDAC7-AS1, was comparable in HDAC7-AS1–silenced, HDAC7-
AS1–overexpressed, and control groups (Figure S4d,e), suggesting
that HDAC7-AS1 does not regulate the genes on its antisense
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strand. The fluorescence in situ hybridization (FISH) assay showed
that after treatment with 5 lM PCB29-pQ for 24 h, HDAC7-AS1
was located in the nucleus and cytoplasm of HUVECs (Figure S5),
suggesting that HDAC7-AS1 may act as a ceRNA. HUVECs were
transfectedwith Bio-NC or Bio-MIR-7-5pwithout PCB29-pQ expo-
sure to confirm the association of HDAC7-AS1 withMIR-7-5p. The
biotin-labeled miRNA pull-down assay showed higherHDAC7-AS1
expression level in HUVECs transfected with Bio-MIR-7-5p, com-
paredwith the control group (Figure 1D). Furthermore, a total offive
HDAC7-AS1 binding sites to MIR-7-5p were identified by mireap,
miRanda, andTargetScan (Table S9).

The Function of HDAC7-AS1 and MIR-7-5p in Vitro and in
Vivo
mRNA sequencing (mRNA-Seq) analysis was performed to iden-
tify differentially expressed genes after PCB29-pQ exposure in
HUVECs (Figure S6), and 306 differentially expressed genes
were detected (the exact data are presented in Excel Table S5).
RNAhybrid, miRanda, and TargetScan were used to predict pos-
sible target genes of MIR-7-5p. Correlation analysis between
DEGs and predicted target genes was performed. Negatively cor-
related miRNA–gene pairs are shown in Table S10. TGF-b2 and
PPME1 were selected from this list to investigate their regulatory
association with MIR-7-5p. Lower mRNA and protein levels of

TGF-b2 and PPME1 were observed in HUVECs exposed to
PCB29-pQ (Figure 2A,B). Consistently, transfection with a MIR-
7-5p mimic group showed lower levels of mRNA and protein
expressions of TGF-b2 and PPME1, compared with the control
group (Figure 2C,D). Transfection with a MIR-7-5p inhibitor
caused higher levels of TGF-b2 and PPME1 protein expression
in PCB29-pQ–exposed cells, and TGF-b2 or PPME1 siRNA-
treated groups displayed lower levels of TGF-b2 and PPME1,
respectively (Figure S7).

According to the predictions with RNAhybrid, miRanda, and
TargetScan, both TGF-b2 and PPME1 contained a target site for
MIR-7-5p (Figure 2E). A MIR-7-5p mimic and the reporter plas-
mids containing NC-30UTR, WT, or MUT 30UTR of TGF-b2
and PPME1 were co-transfected with HUVECs for 48 h. A dual-
luciferase reporter assay showed lower luciferase activity in
response to the MIR-7-5p mimic compared with the NC mimic
that was observed in cells transfected with the WT TGF-b2 or
PPME1 UTR but not in cells transfected with the respective
MUT 30UTR (Figure S8a,b). Moreover, luciferase reporter plas-
mids containing NC and WT or MUT binding sites of HDAC7-
AS1 were transfected into HUVECs. The luciferase activity in
WT, but not in the NC or MUT HDAC7-AS1 groups, was signifi-
cantly lowered by co-transfection with the MIR-7-5p mimic
(Figure S8c). Then, we tested whether HDAC7-AS1 interfered
with the binding of MIR-7-5p to its target mRNAs. Luciferase

Figure 1. High-throughput lncRNA and miRNA sequence analysis and relevant RT-qPCR results from HUVECs treated with PCB29-pQ. HUVECs were
exposed to 5 lM PCB29-pQ for 24 h. Heat maps of the differentially expressed (A) lncRNAs and (B) miRNAs with a fold change ≥2 and p<0:05 in the three
parallel PCB29-pQ–treated groups (n=3) compared with the relative control group (n=3), as determined by high-throughput lncRNA and miRNA sequence
analysis. “−1:5 to 1.5” represent fold change of lncRNAs and miRNAs expression value. The exact data are presented in Excel Table, S1 and S2. (C) RT-
qPCR analysis of the RNA-binding protein immunoprecipitation assays conducted using anti-Ago2 or anti-IgG antibody. Data are presented as mean±SD
(n=3). Expression of each lncRNA in the anti-Ago2 samples was normalized to its expression in the anti-IgG control sample. The red box represents the most
significantly up-regulated lncRNA in all differentially expressed lncRNAs. (D) The expression of HDAC7-AS1 in HUVECs transfected with Bio-MIR-7-5p in
comparison with the control group. HUVECs were transfected with 50 nM Bio-NC or Bio-MIR-7-5p for 48 h without the treatment of PCB29-pQ. Cells were
harvested for a biotin-based pull-down assay. HDAC7-AS1 expression was analyzed by RT-qPCR. Data are presented as mean±SD (n=3). p-Values were
determined by two-way ANOVA followed by Tukey’s or Sidak’s post hoc and unpaired Student’s t-test. The exact mean and SD-values are presented in Table
S13. Note: ANOVA, analysis of variance; Ago2, argonaute 2; Bio, biotinylated; HUVECs, human umbilical vein endothelial cells; IgG, immunoglobulin G;
lncRNA, long non-coding RNA; miRNA, microRNA; NC, negative control; PCB29-pQ, 2,3,5-trichloro-6-phenyl-[1,4]-benzoquinone; RT-qPCR, real-time
quantitative polymerase chain reaction; SD, standard deviation.
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reporter plasmids containing the 30UTR of TGF-b2 or PPME1
were co-transfected with the MIR-7-5p mimic and the HDAC7-
AS1–overexpressing plasmid into HUVECs. The luciferase activ-
ity was lower withMIR-7-5p mimic transfection and was restored
with HDAC7-AS1 overexpression (Figure 2F,G).

Next, we determined the effect of PCB29-pQon the development
of atherosclerotic lesions in a model of ApoE−=− mice by staining
the aortas with HE. Male ApoE−=− mice fed a high-fat diet were
exposed to 5 mg=kg bodyweight PCB29-pQ via i.p. injection once a
week for 12 continuous wk. The aortic plaque area in ApoE−=− mice
exposed to PCB29-pQwas significantly larger than that in the control
group (Figure 3A). Aortic root sections were stained with CD31 to
visualize their endothelial cells, and apoptotic rates were quantified
by TUNEL. The proportion of TUNEL-positive cells in the aortic
root of the PCB29-pQ groupwas substantially higher compared with
the control group (Figure 3B).

The ability for HUVECs to form tubes was then evaluated.
Cells exposed to PCB29-pQ exhibited significantly less tube for-
mation than control cells, and PCB29-pQ–exposed cells treated
with a MIR-7-5p inhibitor exhibited significantly higher tube

formation ability than their PCB29-pQ plus NC inhibitor control
counterparts (Figure S9). We subsequently investigated the role of
TGF-b2 and PPME1 in MIR-7-5p–mediated endothelial injury
during PCB29-pQ exposure. A lower percentage of apoptosis was
observed in HUVECs coexposed to the MIR-7-5p inhibitor and
PCB29-pQ. This effect was abolished by TGF-b2 and PPME1
siRNA transfection (Figure 3C). TGF-b2 and PPME1 siRNAs
transfection groups showed lower cell viability (Figure 3D)
compared with the MIR-7-5p inhibitor transfection and PCB29-
pQ–treated cells; we therefore examined cell proliferation by
5-bromo-20-deoxyuridine/propidium iodide (BrdU/PI) assay. The
PCB29-pQ group showed remarkably lower number of BrdU-
positive cells (S phase) compared with control group (Figure 3E).
However, treatment with the MIR-7-5p inhibitor recovered cell
proliferation by showing a higher number of BrdU-positive cells,
and TGF-b2 and PPME1 silencing abrogated its effect. In parallel,
co-transfection with the MIR-7-5p inhibitor and TGF-b2 or
PPME1 siRNA reversed the effects of the MIR-7-5p inhibitor and
showed lower cell viability compared with MIR-7-5p inhibitor
transfection and PCB29-pQ–treated cells.

Figure 2. The expression of HDAC7-AS1, MIR-7-5p, and TGF-b2=PPME1 in HUVECs exposed to PCB29-pQ. HUVECs were treated with 5 lM PCB29-pQ
for 24 h. (A) mRNA expression of TGF-b2 and PPME1 were detected by RT-qPCR against housekeeping gene b-actin. Data are presented as mean±SD
(n=3). (B) (Left panel) Protein levels of TGF-b2 and PPME1 were detected by Western blotting and quantified by ImageJ software (Schneider et al. 2012)
(Right panel). b-actin was used as an internal loading control. Data are presented as mean±SD (n=3). (C,D) HUVECs were transfected with 50 nM NC
mimic or MIR-7-5p mimic for 48 h without PCB29-pQ exposure. (C) mRNA expression levels of TGF-b2 and PPME1 were detected by RT-qPCR against
housekeeping gene U6. Data are presented as mean±SD (n=3). (D) (Left panel) Protein levels of TGF-b2 and PPME1 were detected by Western blotting.
b-Actin was used as an internal loading control. (Right panel) The relative protein TGF-b2 and PPME1 expression levels were quantified by ImageJ software.
Data are presented as mean±SD (n=3). (E) Predicted MIR-7-5p binding sites in TGF-b2 and PPME1 3 0UTR. RNAhybrid, miRanda, and TargetScan were
used, and the intersection of results from the three software was selected as the predicted target genes of miRNA. (F,G) Luciferase reporter plasmids containing
TGF-b2 (WT)-3 0UTR or PPME1 (WT)-3 0UTR co-transfected with 50 nM MIR-7-5p mimic and pEZ-M61-NC or pEZ-M61-HDAC7-AS1 (2:5 lg) into
HUVECs without the treatment of PCB29-pQ. The luciferase activity represents mean value of Gaussia luciferase (Gluc) activity measure at 480 nm by multi-
functional microplate reader. Data are presented as mean±SD (n=3). p-Values were determined by two-way ANOVA followed by Tukey’s post hoc test and
one-way ANOVA followed by Tukey’s post hoc test. The exact mean and SD-values are presented in Table S14. Note: a.u., arbitrary units; ANOVA, analysis
of variance; HUVECs, human umbilical vein endothelial cells; NC, negative control; PCB29-pQ, 2,3,5-trichloro-6-phenyl-[1,4]-benzoquinone; PPME1, protein
phosphatase methylesterase 1 (gene); RT-qPCR, real-time quantitative polymerase chain reaction; TGF, transforming growth factor; UTR, untranslated region;
SD, standard deviation; WT, wild type.
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Figure 3. Endothelial injury and atherogenesis in ApoE−=− mice exposed to PCB29-pQ and apoptotic rate in HUVECs exposed to PCB29-pQ. Male ApoE−=−

mice were fed a Western high-fat diet for 12 wk and tap water ad libitum. The mice were injected with 5 mg=kg body weight of PCB29-pQ or equal volumes
of corn oil by i.p. injection once a week for 12 continuous wk, with the first two injections during the first week (3 d apart). (A) (Left panel) representative HE
staining of aortic root cross sections. Scale bar: 100 lm. (n=3). Black arrows represent locations of plaque. (Right panel) Plaque area in the aortic root was
quantified by ImageJ software (Schneider et al. 2012). Data are presented as mean±SD (n=3). p-Values were determined by unpaired Student’s t-test. (B)
(Left panel) Apoptosis in aortic root cross sections was determined by TUNEL. Immunofluorescence staining was performed to observe TUNEL-positive foci
(green), endothelial cell marker CD31 (red), and nucleus marker DAPI (blue). Scale bar: 100 lm. (n=3). White arrows represent the colocalization of TUNEL
(green) and CD31 (red). (Right panel) Co-localization of TUNEL and CD31 was analyzed by Pearson’s correlation coefficient. p-Values were determined by
unpaired Student’s t-test. (C–E) After co-transfection with 100 nM NC inhibitor or MIR-7-5p inhibitor and TGF-b2 or PPME1 siRNA (25 nM) for 24 h,
HUVECs were treated with 5 lM PCB29-pQ for 24 h. (C) HUVECs apoptosis was evaluated by Annexin V-FITC/PI with a flow cytometer (n=3). (D) Cell
viability was measured using a CCK-8 kit. Data are presented as mean±SD (n=3). (E) Cell proliferation was measured by BrdU/PI double staining. p-Values
were determined by two-way ANOVA followed by Tukey’s post hoc test. The exact mean and SD-values are presented in Table S15. Note: ANOVA, analysis
of variance; ApoE−=− , apolipoprotein E knockout; BrdU, 5-bromo-2 0-deoxyuridine; CCK-8, cell counting kit-8; CD31, endothelial cell marker; DAPI, 4 0,6-dia-
midino-2-phenylindole dihydrochloride; FITC, fluorescein; HE, hematoxylin-eosin (stain); HUVECs, human umbilical vein endothelial cells; i.p., intraperito-
neal; i.v., intravenous; IL, interleukin; NC, negative control; PCB29-pQ, 2,3,5-trichloro-6-phenyl-[1,4]-benzoquinone; PI, propidium iodide; PPME1, protein
phosphatase methylesterase 1 (gene); SD, standard deviation; siRNA, small interfering RNA; TGF, transforming growth factor; TUNEL, terminal deoxynu-
cleotidyl transferase deoxyuridine triphosphate nick end labeling.
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HDAC7-AS1–Overexpressed HUVECs and ApoE�=� Mice
Because our findings suggest a direct interaction betweenHDAC7-
AS1 and MIR-7-5p, we hypothesize that HDAC7-AS1 may play a
protective role in the effect of PCB29-pQ on cardiovascular out-
comes. This hypothesis was tested inHDAC7-AS1–overexpressing
HUVECs and ApoE−=− mice. Among cells treated with 5 lM
PCB29-pQ, theHDAC7-AS1–overexpressing group had a remark-
ably lower MIR-7-5p level compared with cells transfected with
pEZ-M61-NC (Figure 4A). In contrast, amongHDAC7-AS1–over-
expressing PCB29-pQ–treated HUVECs, those transfected with
the MIR-7-5p mimic showed higher MIR-7-5p (Figure 4A) and
HDAC7-AS1 (Figure 4B) levels than those transfected with the NC
mimic. In 5-lMPCB29-pQ–exposed cells, theHDAC7-AS1–over-
expressing group had higher mRNA (Figure 4C,D) and protein
(Figure 4E) levels of TGF-b2 andPPME1, comparedwith the rela-
tive pEZ-M61-NC group. This effect was abrogated by transfec-
tion with the MIR-7-5p mimic. The relative protein TGF-b2 and
PPME expression levels, quantified by ImageJ software, are shown
in Figure 4F,G. Indeed, HDAC7-AS1 overexpression partially res-
cued the PCB29-pQ–induced loss of cell viability (Figure 4H),
higher level of apoptosis (Figure S10a), and lower level of cell pro-
liferation (Figure S10b); theMIR-7-5pmimic was unable to rescue
the loss of cell viability but partially abrogated apoptosis. In addi-
tion, higher MIR-7-5p expression level (Figure S11a) and lower
HDAC7-AS1 (Figure S11b), TGF-b2 (Figure S11c), and PPME1
(Figure S11d) expression levels were achieved after PCB29-pQ–
treated HUVECs were transfected with HDAC7-AS1 siRNA com-
pared with the PBC29-pQ–treated NC siRNA cells. Consistent

results were obtained at the protein level (Figure S11e–g). Thus,
lower cell viability (Figure S11h) and higher apoptotic rate in
PCB29-pQ–challenged HUVECs transfected with HDAC7-AS1
siRNA were observed (Figure S11i), compared with the PBC29-
pQ–treated NC siRNA cells. However, co-transfection with the
MIR-7-5p inhibitor partially reversed the effect of HDAC7-AS1
siRNAon these outcomes in PCB29-pQ–treated cells (Figure S11j).

To confirm the role of HDAC7-AS1 in atherogenesis, we
injected AAV-HDAC7-AS1 into the tail vein of ApoE−=− mice to
create an HDAC7-AS1 overexpression mouse model. ApoE−=−

mice that receivedAAV vector treatment were used as the negative
control (AAV-NC). Mice were then exposed to 5 mg=kg body
weight PCB29-pQ once a week for 12 continuous wk via i.p. injec-
tion. Oil Red O and HE staining in the mouse aorta showed that the
HDAC7-AS1AAV group had a smaller area of detected aortic pla-
ques compared with those injected with AAV-NC (Figure 5A;
Figure S12a). TC and LDL-C levels were higher in ApoE−=−

mice exposed to PCB29-pQ and injected with AAV-NC com-
pared with the AAV-HDAC7-AS1/PCB29-pQ coexposure group
(Figure S12b,c). FISHwas performed to evaluate the co-localization
ofHDAC7-AS1 andCD31. The proportion ofHDAC7-AS1–express-
ing aortic root sections that co-localized with CD31 was lower than
mice exposed to the vehicle. By contrast,ApoE−=− mice treatedwith
AAV-HDAC7-AS1 and exposed to PCB29-pQ exhibited a similar
proportion of HDAC7-AS1 FISH staining on aortic root endothelial
cells as those of control mice (Figure 5B,C). RT-qPCR results sup-
ported the fact that mice exposed to PCB29-pQ had lower HDAC7-
AS1 levels, and this effect was reversed by HDAC7-AS1 AAV

Figure 4. Endothelial injury and protein and mRNA expressions of TGF-b2 and PPME1 in PCB29-pQ–exposed HUVECs transfected with an HDAC7-AS1
overexpression vector or a MIR-7-5p mimic. After co-transfection with 50 nM NC mimic or 50 nM MIR-7-5p mimic for 24 h and pEZ-M61-NC or pEZ-M61-
HDAC7-AS1 (2:5 lg) for 6 h, then, HUVECs were treated with 5 lM PCB29-pQ for 24 h. RNA expression of (A) MIR-7-5p, (B) HDAC7-AS1, (C) TGF-b2
and (D) PPME1 were detected by RT-qPCR. b-Actin was used as a housekeeping gene for all RNAs except MIR-7-5p, for which U6 was used. The primer in-
formation is shown in Tables S4 and S5. Data are presented as mean±SD (n=3). (E) Protein levels of PPME1 and TGF-b2 were detected by Western blot-
ting. b-Actin was used as an internal loading control. The relative protein (F) TGF-b2 and (G) PPME1 expression levels were quantified by ImageJ software
(Schneider et al. 2012). p-Values were determined by one-way ANOVA, followed by Tukey’s post hoc test. Data are graphed relative to the cells exposed to
NC mimic, pEZ-M61-NC, and vehicle control. (H) Cell viability was measured using a CCK-8 kit. Data are presented as mean±SD (n=3). p-Values were
determined by one-way ANOVA, followed by Tukey’s post hoc test. The exact mean and SD-values are presented in Table S16. Note: ANOVA, analysis of
variance; CCK-8, cell counting kit-8; HUVECs, human umbilical vein endothelial cells; NC, negative control; PCB29-pQ, 2,3,5-trichloro-6-phenyl-[1,4]-ben-
zoquinone; PPME1, protein phosphatase methylesterase 1 (gene); RT-qPCR, real-time quantitative polymerase chain reaction; SD, standard deviation; TGF,
transforming growth factor.
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injection in vivo (Figure 5D). Meanwhile, MIR-7-5p expression in
the PCB29-pQ group was attenuated by HDAC7-AS1 AAV treat-
ment (Figure 5E). Correspondingly, the lower expression of TGF-b2
and PPME1 in PCB29-pQ–treated cells compared with control were
rescued by treatmentwithHDAC7-AS1AAV (Figure 5F,G).

Not surprisingly, PCB29-pQ–treated, HDAC7-AS1 AAV-
injected ApoE−=− mice showed significantly lower IL-1b, IL-6,
and TNFa pro-inflammatory cytokines than the PCB29-pQ–
treated AAV-NC control group (Figure 5H,J). Furthermore, as
indicated by immunofluorescence assay, HDAC7-AS1–overex-
pressing ApoE−=− mice showed lower proportions of cells that
co-stained with phosphorylated p-65 (p-p65) and CD31 in both
PCB29-pQ and control cells (Figure 5K).

Evaluation of a Role for CAV1 in CVD-Associated
Outcomes in HUVECs and ApoE2=2 and
ApoE2=2=CAV12=2 Mice
Because of suggested negative associations between TGF-b and
the major caveolae structural protein CAV1 (Gvaramia et al.
2013; Moreno-Càceres et al. 2016; Razani et al. 2001), we next
evaluated the role of CAV1 in the mechanism(s) of PCB29-pQ–
mediated CVD outcomes and measures using both in vitro and
in vivo models. First, HUVECs were transfected with 25 nM neg-
ative control siRNA (NC siRNA) or CAV1 siRNA for 24 h, then
treated with 5 lM PCB29-pQ for up to 24 h. PCB29-pQ–treated
HUVECs displayed a higher CAV1 phosphorylation level at tyro-
sine 14 (Tyr14) but not total CAV1 level (Figure S13a–c).
Consistent with our previous results, protein levels of TGF-b2
were lower in PCB29-pQ–challenged cells compared with con-
trol, and this was antagonized by CAV1 siRNA (Figure S13b,d).
IL-1b, IL-6, and TNFa pro-inflammatory cytokines levels in cells
exposed to PCB29-pQ were slightly higher than cells treated with
CAV1 siRNA and exposed to PCB29-pQ (Figure S13b,e–h).

We further evaluated the phosphorylation level of CAV1 in the
HDAC7-AS1–overexpressing ApoE−=− mouse model. Compared
with the mice injected with AAV-NC, mice with HDAC7-AS1
overexpression had a significantly lower proportion of CD31-
positive cells that are also p-CAV1 (Tyr14) positive in both
PCB29-pQ and control groups (Figure S14).

To further explore the role of CAV1 in PCB29-pQ–induced
inflammation, ApoE−=−=CAV1−=− mice were generated by cross-
ing ApoE−=− mice with CAV1−=− mice (both on the C57BL/6J
background; genotype was confirmed by genomic PCR; Figure
S15). ApoE−=− mice exposed to PCB29-pQ showed a larger for-
mation of atherosclerotic plaques compared with the vehicle-
treated animals, and the area of atherosclerotic plaques was signifi-
cantly lower in ApoE−=−=CAV1−=− mice (both PCB29-pQ–
treated and control mice) (Figure 6A). However, the CAV1 knock-
out did not completely neutralize the pro-atherosclerosis effect of
PCB29-pQ given that the PCB29-pQ–treated ApoE−=−=CAV1−=−
mice exhibited a slightly larger, although not significantly differ-
ent, area of plaque formation compared with the control-treated
ApoE−=−=CAV1−=− mice. ApoE−=− mice demonstrated a signifi-
cantly larger area of plaque at the aortic wall in mice treated with
PCB29-pQ than in vehicle-treated animals of the same genotype.
Conversely, the knockout of CAV1 affected the expansion of pla-
que area in ApoE−=−=CAV1−=− mice, which had significantly less
plaque area than their ApoE−=− counterparts after exposure to
PCB29-pQ (Figure 6B). Similarly, PCB29-pQ–exposed ApoE−=−

mice showed a higher accumulation of macrophages at the aortic
wall than control mice (Figure S16a), as well as higher TC and
LDL-C levels (Figure S16b,c), but this effect was partially abro-
gated in ApoE−=−=CAV1−=− mice. The pro-inflammatory effects
of PCB29-pQ in the arterial wall were then compared in ApoE−=−

and ApoE−=−=CAV1−=− mice. The expressions of p-p65 and p-

CAV1 were significantly higher in the arterial wall of PCB29-pQ–
treated ApoE−=− mice than control animals, whereas the expression
levels of p-p65 and p-CAV1were both lower in ApoE−=−=CAV1−=−

mice than inApoE−=− mice (Figure 6C).
In the early stage of atherosclerosis, dysfunctional endothelial

cells released adhesion proteins, such as ICAM-1 and VCAM-1,
promoted the migration of monocytes to the arterial wall
(Bourdillon et al. 2000; Kasper et al. 1996). PCB29-pQ–treated
ApoE−=−=CAV1−=− mice had a distinctly lower proportion of
vWF-positive cells that were also ICAM-1 and VCAM-1 positive
in the aortic root plaque compared with their similarly treated
ApoE−=− counterparts (Figure 6D,E). PCB29-pQ exposure
resulted in higher serum levels of IL-6 and TNFa in ApoE−=−

mice, comparedwithApoE−=−=CAV1−=− mice (Figure 6F,G).
Consistent with the in vivo study, cellular protein levels of

IL-1b, IL-6, TNFa, ICAM-1, and VCAM-1 were higher in a time-
dependent manner in HUVECs after stimulation with PCB29-pQ
(Figure S17a–f). In addition, the number of human THP-1 mono-
cytes adhering to HUVECs was significantly higher after PCB29-
pQ exposure (Figure S17g). Consistently, lower levels of nuclear
factor of kappa light polypeptide gene enhancer in B-cells
inhibitor-alpha (IjBa) and higher levels of p-p65 were found upon
PCB29-pQ challenge (Figure S17h–j). However, HUVECs pre-
treated with a p65 inhibitor, PDTC, for 1 h (Figure S17k–n) and
CAV1 siRNA (Figure S18a–f) both abrogated the effect of PCB29-
pQ. CAV1 siRNA treatment also showed lower adhesion mole-
cules and pro-inflammatory cytokines release, attenuated IjBa
degradation, as suggested by higher levels of IjBa=b-actin, p65
phosphorylation (Figure S18g–i) and p65 nucleus translocation, as
suggested by the lower proportion of DAPI-stained nuclei co-
stainingwith p-p65 (Figure S18j).

Moreover, HUVECs with 1 h of antioxidants (VC, VE, or
NAC) pretreatment had lower protein expression of pro-
inflammatory genes (Figure S19a–g) and ROS levels (Figure
S19h) compared with PCB29-pQ–treated cells alone. Similarly,
pretreatment with antioxidants (VC, VE, or NAC; Figure S20a)
or antioxidant enzymes (PEG-SOD, PEG-CAT, or GSH-MEE;
Figure S20b) resulted in lower p-CAV1 levels compared with
PCB29-pQ–treated cells alone.

HDAC7-AS1 and MIR-7-5p Levels in Patients with CHD
ncRNAs can serve as biomarkers and therapeutics in various
CVDs (Gangwar et al. 2018). Thus, it is of interest to identify
novel and potentially functional ncRNAs in patients with clinical
CVDs. To further explore the significance of HDAC7-AS1, MIR-
7-5p, TGF-b2, and PPME1 in atherosclerosis, the expression lev-
els of these molecules were measured in the plasma of patients
with CHD. The characteristics and clinical results of this study
population are summarized in Table S8. RNA was extracted from
the plasma samples of patients with CHD (n=77) and controls
(n=50) for RT-qPCR analysis. The plasma of patients with clini-
cal CHD was characterized by low expression of HDAC7-AS1
(Figure 7A), high expression of MIR-7-5p (Figure 7B), and low
expressions of TGF-b2 (Figure 7C) and PPME1 (Figure 7D),
respectively.

The mRNAs expressions of IL-1b, IL-6, and TNFawere meas-
ured in the plasma samples (Figure 7E–G). Interestingly, negative
correlations were found between MIR-7-5p and HDAC7-AS1
(r= − 0:3389, p=0:0026),MIR-7-5p and TGF-b2 (r= − 0:5835,
p=0:001), MIR-7-5p and PPME1 (r= − 0:24, p=0:0353) in
patients with CHD, whereas a positive correlation was found
between MIR-7-5p and hs-CRP (r=0:3304, p=0:0063) (Figure
S21 and Table S11).Moreover, after adjusting for gender, diabetes,
current smoker, LDL-C, FBG, albumin, hs-CRP, urea, creatinine,
IL-1b, IL-6, TNFa, TGF-b2, and PPME1, multivariable logistic
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Figure 5. Atherosclerosis and inflammation in ApoE−=− mice exposed to PCB29-pQ accompanied by AAV-HDAC7-AS1 treatment. Male ApoE−=− mice were
i.v. injected with AAV-HDAC7-AS1 via the tail vein (4 × 1010 particles/mouse) to create an HDAC7-AS1–overexpressed mice model. Male ApoE−=− mice that
received AAV vector treatment were considered as AAV-NC mice. Control and HDAC7-AS1 overexpressed ApoE−=− mice were fed a Western high-fat diet
for 12 wk and tap water ad libitum. Mice were injected with 5 mg=kg body weight of PCB29-pQ or equal volumes of corn oil by i.p. injection once a week for
12 continuous wk, with the first two injections during the first week (3 d apart). (A) (Left panel) Representative images of Oil Red O staining of aortas. (n=3).
(Right panel) The relative plaque area in the aorta via Oil Red O staining was quantified by ImageJ software (Schneider et al. 2012). Data are presented as
mean±SD (n=3). (B) HDAC7-AS1 in aortic root cross sections was determined by FISH. The slices were stained with HDAC7-AS1 probe (red), endothelial
cell marker CD31 (green), and nucleus marker DAPI (blue), respectively. Scale bar: 100 lm. (n=3). Mice aorta RNA was extracted by TRNzol universal rea-
gent. (C) Co-localization of HDAC7-AS1 and CD31 was analyzed by the PCC. RNAs expression of (D) HDAC7-AS1, (E) MIR-7-5p, (F) TGF-b2, (G) PPME1,
(H) IL-1b, (I) IL-6, and (J) TNFa in ApoE−=− mice aorta was determined by RT-qPCR. b-Actin was used as the housekeeping gene for all RNAs except MIR-
7-5p, for which U6 was used. The primer information is shown in Tables S3 and S4. Data are presented as mean±SD (n=3). p-Values were determined by
one-way ANOVA, followed by Tukey’s post hoc test. (K) (Left panel) The expressions of p-p65 in aortic root cross sections were determined by double immu-
nostaining with antibodies against p-p65 (red), CD31 (green), and DAPI (blue), respectively. Scale bar: 100 lm. (Right panel) Co-localization of p-p65 and
CD31 was analyzed by the PCC. Data are presented as mean±SD (n=3). The exact mean and SD-values are presented in Table S17. Note: AAV, adeno-
associated virus (vector); ANOVA, analysis of variance; ApoE−=− , apolipoprotein E knockout; CD31, endothelial cell marker; DAPI, 4 0,6-diamidino-2-phe-
nylindole dihydrochloride; FISH, fluorescence in situ hybridization (assay); HE, hematoxylin-eosin (stain); i.p., intraperitoneal; i.v., intravenous; IL, inter-
leukin; NC, negative control; p-p65, phosphorylated phospho-nuclear factor-kappa B (phospho-NF-jB; PCB29-pQ, 2,3,5-trichloro-6-phenyl-[1,4]-
benzoquinone; PCC, Pearson’s correlation coefficient; PPME1, protein phosphatase methylesterase 1 (gene); RT-qPCR, real-time quantitative polymerase
chain reaction; SD, standard deviation; TGF, transforming growth factor; TNF, tumor necrosis factor.
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Figure 6. Inflammation and atherogenesis in ApoE−=− and ApoE−=−=CAV1−=− mice exposed to PCB29-pQ. ApoE−=− mice were crossed with CAV1−=− mice
to generate ApoE−=−=CAV1−=− mice. ApoE−=− and ApoE−=−=CAV1−=− mice were fed a Western high-fat diet for 12 wk and tap water ad libitum. Mice were
injected with 5 mg=kg body weight of PCB29-pQ or equal volumes of corn oil by i.p. injection once a week for 12 continuous wk, with the first two injections
during the first week (3 d apart). (A) (Left panel) Representative images of Oil Red O staining of aortas. (Right panel) The relative plaque area in the aorta via
Oil Red O staining was quantified by ImageJ software (Schneider et al. 2012). Data are presented as mean±SD (n=3). (B) Representative images of HE stain-
ing. Scale bar: 200 lm. The relative plaque area in the aorta was quantified by calculating the ratio of atherosclerotic plaque to the surface of the entire aorta.
Data are presented as mean±SD (n=8). (C) Protein levels of p-p65 and p-CAV1 in the aorta were analyzed by Western blotting. b-Actin was used as an inter-
nal loading control. Proteins were quantified by ImageJ software. (n=3). (D) (Left panel) ICAM-1 at the aortic root section in each group of mice was detected
by double immunostaining with antibodies against ICAM-1 (red), endothelial cell marker vWF (green), and nucleus marker DAPI (blue), respectively. Scale
bar: 100 lm. (Right panel) Co-localization of vWF and ICAM-1 was analyzed using the PCC. Data are presented as mean±SD (n=3). (E) (Left panel)
VCAM-1 at the aortic root section in each group of mice was detected by double immunostaining with antibodies against VCAM-1 (red), endothelial cell
marker vWF (green), and nucleus marker DAPI (blue), respectively. Scale bar: 100 lm. (Right panel) Co-localization of vWF and VCAM-1 was analyzed by
the PCC. Data are presented as mean± SD (n=3). ELISA examination of (F) IL-6 and (G) TNFa levels in CAV1−=− and ApoE−=−=CAV1−=− mice serum.
Data are presented as mean±SD (n=5). p-Values were determined by two-way ANOVA, followed by Tukey’s post hoc test. The exact mean and SD-values
are presented in Table S18. Note: ANOVA, analysis of variance; ApoE−=− , apolipoprotein E knockout; CAV1−=− , caveolin 1 knockout; DAPI, 4 0,6-diami-
dino-2-phenylindole dihydrochloride; ELISA, enzyme-linked immunosorbent assay; HE, hematoxylin-eosin (stain); i.p., intraperitoneal; ICAM-1, intercellular
adhesion molecule 1; IL, interleukin; p-p65, phosphorylated phospho-nuclear factor-kappa B (phospho-NF-jB; PCB29-pQ, 2,3,5-trichloro-6-phenyl-[1,4]-ben-
zoquinone; PCC, Pearson’s correlation coefficient; SD, standard deviation; TNF, tumor necrosis factor; VCAM-1, vascular cell adhesion molecule 1; vWF,
von Willebrand factor.
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regressionmodels showed thatMIR-7-5p had a statistically signifi-
cant association with CHD [p=0:003, odds ratio= 1:551; 95%
confidence interval: 1.223, 1.966 (Table S12)].

Discussion
Despite great improvements in CVD interventions and therapies,
CVD remains the leading cause of death worldwide (Danaei et al.
2013; Roth et al. 2020). Smoking, physical activity, diet, weight,
cholesterol, blood pressure, and glucose control were well-
documented risk factors for CVD (Virani et al. 2020). In our
opinion, the current biomarkers do not link the CVD risks caused
by long-term exposure of environmental pollutions. There remains
a critical need to characterize environmental risk factors for CVD
and to develop novel diagnostic and therapeutic approaches for
exposed populations. Many individuals with CVD are asymp-
tomatic until plaque rupture (Halliday et al. 2010); therefore,
it is difficult to identify patients with subclinical CVD, espe-
cially considering the substantial heterogeneity in the defini-
tions of patients and controls. Omics-related techniques
provide an unbiased approach to improve the early, specific di-
agnosis and prognosis of CVD (Turner et al. 2019). CHD is
the major complication and acute phase of atherosclerosis,
typically resulting in chest pain or heart damage (Hansson
2005). In the present study, we found that the expression MIR-
7-5p was significantly altered in patients with CHD, which
suggests the use of MIR-7-5p as a biomarker for detecting the
different entities of CVD. This potential biomarker of CVD
was identified based on in vitro and in vivo mechanistic studies
investigating a metabolite of PCBs.

Different cohort studies have confirmed an association between
PCB exposure and CVD risk (Åkesson et al. 2019; Bergkvist et al.
2016; Raffetti et al. 2018). PCBs are readily oxidized to hydroxy-
lated, dihydroxylated, and quinone metabolites (Perkins et al.
2016). In our previous study using HUVECs, PCB29-pQ stimu-
lated endothelial hyperpermeability, leading to endothelial barrier
dysregulation (Zhang et al. 2015). As the major components of the
vascular endothelium, endothelial cells played an important role in
vascular homeostasis and functions (Haybar et al. 2019; Sun et al.

2016). Dysfunction or activation of endothelium is critical for athe-
rogenesis, thus providing novel biomarkers for early diagnosis
(Gimbrone and García-Cardeña 2013). In this study, our data sug-
gest that PCB29-pQ–induced endothelial injury in vitro and in vivo
manifest as the induction of HUVECs apoptosis and inhibition of
vascular tube formation by endothelial cells. Simultaneously,
abnormal morphology of the aortic intima and increased apoptosis
were found inApoE−=− mice challengedwith PCB29-pQ.

The lncRNA/miRNA/mRNAnetworks are important regulators
in CVD etiology (Feinberg and Moore 2016). Here, we have estab-
lished a PCB29-pQ–challenged endothelial cellmodel and analyzed
the expression profile of lncRNAs and miRNAs via high-
throughput sequencing technology. HDAC7-AS1 expression was
significantly lower with PCB29-pQ exposure. RNA-Seq results
suggested the binding of TGF-b2 and PPME1 withMIR-7-5p. Our
results suggest that MIR-7-5p induced endothelial cell apoptosis
through the target genes TGF-b2 and PPME1. Overexpression of
HDAC7-AS1 blocked PCB29-pQ–induced apoptosis and inhibition
of proliferation in HUVECs, and these effects were abrogated by the
overexpression of MIR-7-5p. Consistently, ApoE−=− mice with
HDAC7-AS1 overexpression had less PCB29-pQ–induced athero-
sclerosis. These results suggest that HDAC7-AS1 sequesteredMIR-
7-5p as a ceRNA and participated in PCB29-pQ–induced endothe-
lial injury and atherosclerosis. Please note that PCB concentration
used in the animals was higher than PCB serum levels in the general
population (Murphy et al. 2010; Wang et al. 2018; Zheng et al.
2016). Therefore, further investigations on the linkage of occupa-
tional PCB exposure, candidate biomarkers, and CVD risks need to
be conducted.

CAV1 is a major structural protein of caveolae on the cellular
membrane. CAV1 offers a scaffold for inflammatory signaling,
which functions as a vital mediator of atherosclerosis (Ramírez et al.
2019). A previous review has demonstrated that TGF-b receptors
were internalized via caveolae (Chen 2009). Interestingly,
several studies have suggested negative associations between
TGF-b and CAV1 (Gvaramia et al. 2013; Moreno-Càceres
et al. 2016; Razani et al. 2001). The distinct role of CAV1 in
endothelial cell inflammation has been established (Ramírez
et al. 2019), and our data indicate that the negative CAV1

Figure 7. Plasma HDAC7-AS1, MIR-7-5p, TGF-b2, PPME1, IL-1b, IL-6, and TNFa levels in patients with CHD. Plasma RNA was extracted by TRNzol uni-
versal reagent. CHD group (n=77) contains patients with >50% coronary artery stenosis, and the control group (n=50) contains individuals with <50% coro-
nary artery stenosis. RT-qPCR analysis of (A) HDAC7-AS1, (B) MIR-7-5p, (C) TGF-b2, (D) PPME1, (E) IL-1b, (F) IL-6, and (G) TNFa expressions. 18s was
used as a housekeeping gene for all analyses with the exception of MIR-7-5p, for which U6 was used. The primer information is shown in Tables S4 and S5.
Data are presented as mean±SD. p-Value determined by unpaired Student’s t-test. The exact mean and SD-values are presented in Table S19. Note: CHD,
coronary heart disease; IL, interleukin; PPME1, protein phosphatase methylesterase 1 (gene); RT-qPCR, real-time quantitative polymerase chain reaction; SD,
standard deviation; TGF, transforming growth factor; TNF, tumor necrosis factor.
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regulator TGF-b is involved in PCB29-pQ–induced endothe-
lial cell inflammation. Therefore, an ApoE−=−=CAV1−=−
mouse model was generated to characterize the systemic
inflammatory status upon PCB29-pQ challenge. Previous
studies in mice have suggested that silencing of CAV1 sup-
presses vascular inflammation and atherosclerosis (Ramírez
et al. 2019; Zhang et al. 2020). Moreover, CAV1 was reported
to be involved in functional changes in endothelial cells fol-
lowing exposure to environmental toxicants. For instance,
PCB77-induced up-regulation of monocyte chemoattractant
protein-1 required CAV1 in an LDL-R−=− atherosclerotic
mouse model (Majkova et al. 2009), and CAV1−=− porcine
and mouse endothelial cells were protected from PCB126-
induced inflammatory response (Petriello et al. 2014). These
observations suggest the involvement of CAV1 in PCB-
induced inflammation. Phosphorylation of CAV1 is an early
signal transduction event induced by oxidative stress (Nah
et al. 2017). A similar study has demonstrated that PCBs
increased the phosphorylation of CAV1 in human-derived en-
dothelial cells (Lim et al. 2007), consistent with our current
finding that PCB29-pQ activates CAV1 phosphorylation and
influences CAV1-related signaling. Notably, the biological
significance of CAV1 phosphorylation was controversial
because both pro-survival and pro-death effects of CAV1
have both been reported in vitro and in vivo (Quest et al.
2013).

Overall, the present study suggests the involvement of
specific ncRNAs in the ROS-driven pro-inflammatory cas-
cade. We hypothesize that upon PCB29-pQ exposure, the
HDAC7-AS1=MIR-7-5p=TGF-b2=CAV1 signal axis induces
endothelial cell apoptosis and inflammatory cytokine release
(Figure 8). We further hypothesize that HDAC7-AS1 allevi-
ates the degradation of the target genes TGF-b2 and PPME1
via up-regulation of MIR-7-5p induced by PCB29-pQ, which
in turn ameliorates endothelial cell apoptosis, inflammatory
cytokine release, and, ultimately, atherogenesis. Overall, our
approach identified a network of HDAC7-AS1/MIR-7-5p pairs
in the inflammatory setting and demonstrated the negative

associations between HDAC7-AS1 and MIR-7-5p in clinical
samples from patients with CHD. These findings provided
insight into the potential use of plasma levels of HDAC7-AS1,
MIR-7-5p, and TGF-b2 as diagnostic biomarkers and thera-
peutic targets in PCB-induced atherosclerosis. Importantly,
the translational framework established in this study is ame-
nable to high-throughput screening approaches and can be
used to identify biomarkers of CVD that are associated with
other environmental toxicants or environmental factors.
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